The role of transition-state stabilization in enzyme catalysis, as proposed by Pauling, has been clearly demonstrated by extensive studies. In contrast, ground-state destabilization can also contribute to enzyme catalysis, but experimental evidence has been more limited. In recent years, high resolution xray crystal structures of enzyme-substrate complexes have been obtained which show evidence for ground-state strain. We found that Y71F and F448H mutant tyrosine phenol-lyase (TPL) form complexes with 3-fluoro-L-tyrosine, a substrate, which shows a bending of the substrate aromatic ring about 20º out of plane, and we suggested that this was evidence for ground-state destabilization in TPL catalysis (Dalibor, M., Demidkina, T. V., Faleev, N. G., Phillips, R. S., Matkovic-Calogovic, D. and Antson, A. A., J. Am. Chem. Soc. 133, (2011) 16468-16476). Here, we have now evaluated quantitatively the role of ground-state destabilization in TPL catalysis. Phe-448 and Phe-449 are in close contact with the bound substrate side chain and by mutating these residues to alanine and leucine, the contribution they play via ground state destabilization was investigated. wild-type TPL. Thus, the effect of the mutation is specifically on the elimination of phenol from Ltyrosine. We also examined the effect of hydrostatic pressure on the rates and equilibria of formation of the quinonoid intermediates from F448H and F448A TPL and 3-fluoro-L-tyrosine. Although the fastest phase shows only a small effect of pressure, the three slower phases have significant pressure dependences, suggesting that they may be associated with a conformational change. These results demonstrate that Phe-448 and Phe-449 contribute a total of about 10 8 to catalysis in TPL, about 50% of 2 the estimated rate acceleration, by introducing ground-state destabilization into the L-tyrosine substrate.
Introduction
The major contribution to rate acceleration in enzymatic reactions is generally considered to be transition-state stabilization to reduce activation free energy, as first proposed by Linus Pauling 1 .
However, it has also been suggested that ground-state destabilization can play an important role in reducing activation energy 2, 3 . The role of transition-state stabilization in enzyme catalysis has been validated by an enormous amount of work in the years since Pauling's proposal 4 . In contrast, relatively little experimental validation for ground-state destabilization, sometimes called substrate distortion, has been obtained. Recently, we found that crystals of Y71F and F448H mutant tyrosine phenol-lyase (TPL) complexed with 3-fluoro-L-tyrosine show clear structural evidence for ground-state destabilization in catalysis 5 .
TPL catalyzes the reversible β-elimination of L-tyrosine to phenol and ammonium pyruvate good leaving groups on the β-carbon 6 . This pyridoxal-5'-phosphate (PLP) dependent enzyme requires extensive acid-base catalysis in the catalytic mechanism in order to eliminate the formally unactivated carbon leaving group of phenol. We demonstrated previously that Tyr-71 is the proton donor to the phenol leaving group 7 , since Y71F mutant TPL has no detectable activity with L-tyrosine, although it has activity with SOPC and S-ethyl-L-cysteine. The crystal structure of wild-type TPL complexed with a substrate analogue, 3-(4-hydroxyphenyl)propionic acid, showed that Thr-124 and Arg-381 are close enough to form hydrogen bonds to the phenol of the bound substrate, and T124A and R381A mutant TPLs have 10 3 and 10 5 -fold lower activity, respectively, with L-tyrosine, but near normal activity with SOPC and S-ethyl-L-cysteine 8, 9 . The crystal structure also showed that Phe-448 and Phe-449 are located in the active site, near the bound ligand. As a result, we then prepared F448H mutant TPL, and we found that it shows very low elimination activity (reduced about 10 5 -fold) with L-tyrosine, but good activity with SOPC and S-ethyl-L-cysteine 9 . The crystal structures of both Y71F and F448H TPL complexed with 3-fluoro-L-tyrosine were found to exhibit two different quinonoid conformations, "relaxed" and "tense" 5 . In the relaxed conformation, the quinonoid complex with the substrate is unstrained, and the substrate aromatic ring is in plane with the Cβ-Cγ bond, as expected ( Figure 1 , green). However, in the tense conformation, the substrate is strained, with the aromatic ring bent about 20º out of plane with the Cβ-Cγ bond (Figure 1 , blue). In the tense conformation, a flexible loop moves to close the active site, and Phe-448 and Phe-449 move about 3 Å toward the bound substrate, coming within 2 Å of the substrate OH. Consequently, the bending of the substrate ring relieves this steric stress and results in formation of the hydrogen bonds from the phenol OH to Thr-124 and Arg-381
( Figure 1 ). In the F448H structure, an additional hydrogen bond to the phenol forms with the imidazole ring of His-448. Thus, it was not clear in that work whether the F448H mutation may be contributing to the substrate strain. In the present work, we have prepared new mutations of Phe-448, F448A and F448L, and of Phe-449, F449A, and examined their kinetic and spectroscopic properties.
The results of these experiments provide additional support for our hypothesis that both Phe-448 and Phe-449 contribute at least half of the rate acceleration in TPL catalysis by creating ground-state strain in the bound substrate.
Experimental procedures
Materials. Lactate dehydrogenase (LDH) from rabbit muscle, PLP, NADH, L-tyrosine and S-ethyl-Lcysteine were obtained from USB/Affymetrix. 4-Hydroxypyridine (4-HP) was obtained from Aldrich.
S-(o-Nitrophenyl)-L-cysteine (SOPC) 10 and 3-fluoro-L-tyrosine 11 were prepared as previously described. All other reagents and chemicals were obtained from Thermo-Fisher Scientific Co..
Enzymes. The C. freundii TPL gene in pTZTPL 12 was amplified by PCR with Phusion DNA polymerase (Thermo-Fisher), using primers designed as described in the instructions for the Alicator ligation independent cloning kit (Thermo-Fisher). The amplicon was incubated with T4 DNA polymerase together with GTP to generate the overhangs, then incubated with pLATE11 and used to transform E.
coli DH-5α completent cells. The cells were grown overnight in LB containing 100 ug/mL ampicillin, and the plasmid purified. The plasmid was sequenced to confirm that no accidental mutagenesis had occurred. For expression, competent cells of E. coli BL21(DE3) with transposon tn5 in the genomic copy of tnaA 13 were transformed with the plasmid. F448A, F448L and F449A TPL were prepared by mutagenesis using the partially overlapping primer method 14 with Phusion DNA polymerase (Thermo Scientific Co.). The mutagenic primers are shown below with the mutation indicated in bold.
F448A
5'-GCAGCTCCGTGCCTTTACTGCACGCTTTGACTATATC-3'
The mutations were confirmed by sequencing of the plasmids obtained after transformation of competent GC-5 cells with the PCR reaction products.
The wild-type and mutant enzymes were purified by a modification of the procedure previously published 15 The cells containing the pLATE11 plasmid with wild-type or mutant TPL were grown in Studier autoinduction medium 16 at 37 ºC for 24 hours. The cell extracts were treated with protamine sulfate as described previously, then brought to 25% saturation in (NH4)2SO4 for the Octyl-Sepharose column. After the Octyl-Sepharose column, the flow-through fractions with TPL were brought to 60% saturation with (NH4)2SO4 and centrifuged for 90 minutes. The yellow pellet was redissolved in a minimum volume of buffer and applied to a Sephacryl S-300 gel filtration column (90x2.5 cm), eluting at 0.5 mL/minute, collecting fraction every four minutes. The yellow fractions containing TPL were pooled and concentrated in a centrifugal concentrator (Vivaspin, Sartorius) with a 30,000 MW cutoff.
Enzyme concentrations were estimated from the A278 1% = 8.37 6 assuming a subunit molecular weight of 51,000 12 . The purified protein showed a single band on polyacrylamide gels. Yields of wild-type, F448A, and F449A TPL were >100 mg/liter of culture, while F448L TPL gave 20 mg/liter. Figure S1B , Supplemental data). Phenol eluted at 17.8 minutes. The peak area was used with the standard curve to determine the amount of phenol produced in the enzyme incubation.
Rapid Reactions. Rapid-scanning stopped-flow kinetics experiments were performed on an OLIS RSM-1000 instrument, equipped with a stopped-flow mixer with a 1 cm pathlength, as described (15) .
Single-wavelength stopped-flow kinetics experiments were performed on a Applied Photophysics MX- 
Results

Steady
L-Tyr 3. (Table 1) . For F448A and F449A TPL, the low activity made it difficult to measure kinetic parameters by the standard lactate dehydrogenase (LDH) coupled spectrophotometric assay, since the rates were less than the blank rate of NADH consumption, so activity was measured by phenol production with HPLC ( Figure S1 , Supplemental data). In contrast, the activity of F448L TPL was high enough to measure using the LDH-coupled assay. Figure 3C ). The data of
Stopped
Figure 3A and 3B were fit to Equation 4 , and the data in Figure 3C were fit to Equation When F448A TPL is mixed with L-tyrosine, a stable quinonoid complex is observed, with a prominent peak at about 510 nm ( Figure 4A ), red-shifted from the λmax of 502 nm observed with wildtype TPL 20 . The formation of this complex requires at least three exponentials to obtain a good fit, as can be seen from inspection of the time courses in Figure 4B . Figure 5C ). There is a decrease in absorbance at 340 nm and an increase at 421 nm concomitant with formation of the 510 nm intermediate ( Figure 4B ). Fitting the concentration dependence data in Figure 5 to Equation 4 gives the parameters in Table 3 . Wild-type TPL exhibits a similar quinonoid intermediate, but with a much lower steady-state absorbance amplitude, so that it is more difficult to obtain a concentration dependence on its formation. However, at 1 mM L-tyrosine, wild-type TPL exhibits kobs of about 80 s -1 20 or ~22 s and 506 nm peaks, but there is a 326 nm peak which decays as the 506 nm peak forms.
Effects of hydrostatic pressure on F448H and F448A TPL. We then examined the effect of hydrostatic pressure on the spectra of F448H and F448A TPL complexed with 3-fluoro-L-tyrosine ( Figure 6 ). In both cases, the absorbance of the peak at 506 nm initially increases slightly as pressure increases, and then decreases rapidly at pressures above about 60 MPa. The changes in the spectra are completely reversible when the pressure is released. There is no isosbestic point between the 506 nm peaks and the aldimine bands at about 420 nm, indicating that the effect of pressure does not simply alter the aldimine-quinonoid equilibrium. Fitting of the absorbance data to a Boltzmann function, Equation 7,  where Ap is the absorbance at pressure P, ΔA is the absorbance change, Keq is the equilibrium constant, ΔV is the reaction volume, and A0 is the baseline absorbance, gives values of Keq and ΔV which are very similar for both mutant forms of TPL (Table 4 ). Although applied pressure reverses the equilibrium position, these parameters are defined for the reaction in the direction of formation of the quinonoid complex. Ap = ΔA*(Keq*exp(-ΔV/RT))/(1+Keq*exp(-ΔV/RT))+A0 
all four phases fit well to Equation 8, with the parameters given in Table 5 . In Equation 8 , kp is the observed rate constant at pressure P, k0 is the rate constant at zero P, ΔV ‡ is the activation volume and Δβ ‡ is the transition-state compressibility. The data for the second and third phases show low compressibility, Δβ ‡ ~ 0 (Table 5) , since there is no significant curvature in the pressure dependence shown in Figure 7 . The first and fourth phases fit slightly better with a small but significant compressibility (Table 5) , as can be seen from the curvatures in Figure 7 . The first phase is not very sensitive to hydrostatic pressure, with the rate constant increasing only slightly as pressure increases, but the three slower phases show larger pressure dependencies, with the rate constants decreasing as pressure increases. This suggests that the three slower phases represent different physical processes than the fast phase. It was not possible to observe the fastest phase at pressures above 100 MPa because its amplitude decreased rapidly with increasing pressure ( Figure S5 , Supplemental data). . It has been suggested recently, based on mutagenesis and crystal structures, that orotidine-5'-phosphate decarboxylase uses ground-state destabilization by bending the carboxylate out of plane of the aromatic ring to assist in decarboxylation [30] [31] [32] [33] . Similarly, 5-carboxyvanillate decarboxylase was shown to bind the 5-nitro analogue with the nitro substituent bent out of plane by about 20º 34 . Furthermore, the structures of Schiff's base intermediates in transaldolase were shown to have substituents out of plane of the imine double bond, suggesting ground-state destabilization is contributing to catalysis 35 .
Additional evidence for ground-state destabilization has come from mutagenesis studies in other systems. Mutation of the basic catalytic residue, Asp-99, to alanine in ketosteroid isomerase was found to strengthen rather than weaken ligand binding, consistent with ground-state destabilization in the substrate due to the proximity of the carboxylate 36 . In the case of alkaline phosphatase, mutation of the active site Ser102 nucleophile to glycine or alanine results in very tight binding of trianionic phosphate to the mutant enzymes, suggesting that there is ground-state destabilization resulting from the proximity of the wild type serine alkoxide and the anionic phosphate ester in catalysis 37 . Large equilibrium binding isotope effects observed for aspartate binding to K258A asparatate aminotransferase suggest ground-state destabilization of the α-C-H bond of the external aldimine by hyperconjugation with the PLP cofactor 38 . Orotate phosphoribosyl transferases were also found to exhibit large equilibrium secondary binding isotope effects indicative of ground-state destabilization 39 .
However, in most of these cases the contribution of ground-state destabilization to the enzymatic rate acceleration was not quantified and has been generally thought to be fairly minor. These experiments are in progress. Finally, phenol is released, followed by iminopyruvate to regenerate the resting enzyme.
The stopped-flow reactions of F448A TPL with L-tyrosine and S-ethyl-L-cysteine show that there is little effect of the mutation on the rate constants of formation of external aldimine and quinonoid intermediates (Figures 2-4 , Table 2 Formation of the closed quinonoid structure results in an additional 3 Å movement of both Phe-448 and Phe-449, as was shown in Figure 1 . Nevertheless, F449A TPL has about 10% of the activity with SOPC and S-ethyl-L-cysteine (Table 1) as wild-type TPL, so at least 10 3 of the activity reduction with L-tyrosine must come from the reduced ground-state destabilization.
The mechanism of this elimination of phenol, a carbon leaving group, from L-tyrosine is mechanistically more complicated than elimination of a relatively good leaving group like ethanethiol from S-ethyl-L-cysteine, since the carbon leaving group must be protonated prior to or concomitant with Cβ-Cγ bond cleavage to avoid formation of a high energy phenyl σ-carbanion. The strain introduced by Phe-448 and Phe-449 shown in Figure 1 bends the aromatic ring of the substrate exactly in the direction leading to the transition-state for the elimination, thus preorganizing the substrate into the transition-state geometry and moving it forward and upward on the reaction coordinate, as can be seen from Figure , we had suggested previously that the overall contribution of ground-state strain to TPL catalysis is about 10 8 23 . Our results in Table 1 show that Phe-448 and Phe-449 together are responsible for a 10 8 -fold rate acceleration, thus confirming our prediction. This ground-state destabilization is relieved as the substrate reaches the transition-state for elimination, since the geometry of the strained complex becomes the transition-state geometry for the elimination. It should be noted that the elimination step is at least partially rate limiting in the steady-state for the reaction of L-tyrosine with wild-type TPL 20 .
The structure of the wild-type TPL-L-Ala-pyridine-N-oxide complex 5 We do not know the exact rate acceleration in the TPL reaction, since the uncatalyzed reaction rate has not been measured. However, we can estimate that the transition-state for elimination should be at least as high in energy as the energy difference between phenol and the nonaromatic cyclohexadienone tautomer of phenol. Experimental and computational estimates of the energy difference between phenol and the 2,5-cyclohexadienone tautomer are ~18 kcal/mol 41, 42 . Applying the Hammond Postulate
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, we can use this to estimate the lower limit for the transition-state energy for the uncatalyzed elimination, and we can predict a rate acceleration of ≥10 12 at 298 K for the reaction catalyzed by TPL. Thus, since our data suggests that ground-state destabilization contributes ~10 8 to the rate acceleration of TPL, its contribution to catalysis is surprisingly comparable to or greater than that of transition-state stabilization. In the case of OMP decarboxylase, ground-state destabilization was estimated to contribute 10-15% to catalysis 30, 32 , and for aspartate aminotransferase hyperconjugation was estimated to decrease the α-C-H bond order of the external aldimine by about 20% 38 .
Since F448H TPL appears from our previous work to form a more stable closed conformation than wild-type TPL with substrates like 3-fluoro-L-tyrosine, we performed high pressure equilibrium and stopped-flow kinetic studies to probe the conformational properties of the complex. Both F448A
and F448H TPL form similar mixtures of equilibrating aldimine and quinonoid intermediates ( Figure 6 ). The thermodynamic properties of both mutant TPLs are similar as well (Table 4) . Since the crystal structure of F448H TPL with 3-fluoro-L-tyrosine is in a closed conformation 5 , the similar effects of pressure on the spectra of the F448H and F448A-3-fluoro-L-tyrosine complexes ( Figure 6 , Table 4) provides strong evidence that F448A TPL can form a closed conformation with substrates as well.
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